Theoretical description of excited states of molecules is still not a routine issue, and searching for methods best suited for this purpose is still an open problem. The molecular calculations are performed using the CASSCF/CASPT2 method for the potential energy curves of the ground and excited states of NaLi molecule. The derived spectroscopic constants are compared with the results of the MR FSCC and PP methods and with the experimental values. The relativistic infinite-order two-component (IOTC) method is used to show its proper convergence to the nonrelativistic limit.
Introduction
The increased interest in cold and ultra-cold techniques of molecular dynamics research and the production of molecules in specific quantum states observed in recent years creates the need for very accurate experimental and theoretical studies of intermolecular interactions of diatomic molecules in ground and excited states. The intensive development of the experimental techniques of recent years has expanded the possibilities of studying such systems and forced the demand for new theoretical research [1, 2] .
Theoretical calculations of the ground states of molecules and their properties are currently a rather routine task. The exception are the calculations with very high numerical accuracy, and their execution still requires vast knowledge and experience. The situation is different in the case of the excited states.
For many years, research has been conducted on methods that would allow an accurate description of the excited states of molecules. These are studies on single reference methods, for example, such as coupled-cluster theory (CC) [3] , Maria Barysz teomjb@chem.umk.pl 1 Department of Quantum Chemistry, Faculty of Chemistry, Nicolaus Copernicus University, 7-Gagarina St., 87-100, Toruń, Poland equation of motion (EOM) [4] [5] [6] [7] , time-dependent density functional theory (TDDFT) [8, 9] , or multireference (MR) methods such as MR configuration interaction (MRCI) [10] , MR coupled-cluster (MRCC, FS-MRCC) [11, 12] , MR perturbation theory (MRPT), MR density functional theory (MRDFT), and much more (see the review [12] ). This only shows how complicated the problem is.
In recent years, we have witnessed the unique efficiency and accuracy of calculations of excited states energies, properties, and potential energy curves obtained using multireference coupled cluster method in Fock-space (MR FSCC) [13] . Single-reference coupled-cluster methods are based on the single Hartree-Fock determinant and cannot be used to describe the dissociation process. This problem has been solved in the MR FSCC method, in which the reference function of the N electron system can be neutral or ionic with N ± 1 or N ± 2 electron function.
In this work, we will employ one of the most efficient complete active space (CASSCF) method followed by the second-order multireference perturbation (CASPT2) method [14, 15] . In the CASSCF/CASPT2 method, we do not have any limitations imposed on the reference function. It can be any neutral or ionic structure of the molecule. Additionally, Hartree-Fock molecular orbitals are optimized for the excited states during the CASSCF iteration procedure or they can be replaced by other nonHartree-Fock orbitals. In contrast, in the MR FSCC method, the Hartree-Fock orbitals do not change in the whole computational process.
The CASSCF/CASPT2 method is known to properly describe the low-lying excited states and their basic spectroscopic parameters. However, its performance for the calculation of the full potential energy curves, is not so obvious due to the intruder states which may occur and the divergence problems.
The NaLi molecule is a frequently chosen example to study the accuracy of various theoretical models because a full range of experimental results for this molecule is available.
The main goal of the present work is to perform quantum-chemical CASSCF/CASPT2 calculations for the NaLi molecule, determine the full potential energy curves of the ground and a set of excited states, and to calculate the appropriate spectroscopic parameters, such as dissociation energy D e ; equilibrium distance R e ; harmonic and anharmonic frequencies ω e , ω e x e ; and adiabatic excitation energies T e , and to show that the CASSCF/CASPT2 method can give very good potential energy curves and spectroscopic parameters which correlate well with experimental data. The obtained results will be compared with the results of the MR FSCC and pseudopotential (PP) [16] model (which appeared to work quite well for the studied case).
An additional goal of the work is to check the performance of the relativistic infinite-order two-component (IOTC) method. Relativistic effects are important for heavy elements. The four-component methods work well in atomic calculations; however, they are less effective in molecular calculations. Noteworthy are recently developed four-component relativistic intermediate Hamiltonian Fock-space coupled-cluster method [17] or four-component Dirac-Coulomb(-Gaunt) equation-of-motion coupledcluster theory [18] , but their main applications are known for heavy atomic systems or for small molecular structures.
The two-component methods turned out to be a huge success of the relativistic theory, especially in the molecular calculations [19] . The breakthrough was the formulation of two-component methods in which the transformation of a four-component Hamiltonian is accurate. These can be perturbative or one-step unitary transformation methods [19] [20] [21] [22] [23] . One of us (MB) has formulated a one-step relativistic two-component method accurate to the infinite order of the fine-structure constant α = 1/c, named the IOTC [22, 23] .
The NaLi molecule is not relativistic in the sense that the results of nonrelativistic and relativistic calculations should be the same in this case, what simply means that the relativistic effects are small. Showing that the unitary transformation of the relativistic IOTC method converges properly to the nonrelativistic theory is an additional goal of this work. All calculations reported in this paper have been carried out by including relativistic effects and using the IOTC method. MOLCAS7.3 package of quantum chemistry program modified to include IOTC relativistic Hamiltonian has been used [24, 25] .
Computational methodology: NaLi diatomic molecule
All calculations have been carried out with the CASSCF/CASPT2 method [26, 27] . Calculations have been carried out in C 2v symmetry. The orbital (frozen/inactive/active) subspaces are defined by the number of orbitals in irreducible representations of that group (a 1 , b 1 , b 2 , a 2 ). The partition of the orbital space used in CASSCF/CASPT2 calculations is then (0.0.0.0/4.1.1.0/4.2.2.0; n el .), where n el is the number of electrons in the active space and n el = 2 for NaLi molecule. It means that the active space consists of the 2s Li , 2p Li , 3s Na , and 3p Na valence orbitals.
The active orbital subspaces used in this study are relatively small but are sufficient to calculate the static electronic correlation at the CASSCF theory level. The dynamic electronic correlation is taken into account at the CASPT2 level of theory and the electron correlation treatment is extended by the 1s Li , 1s Na , 2s Na , and 2p Na inactive orbitals.
For the calculations of NaLi molecule, we employ the POLDK and two relativistic atomic natural orbitals (ANO-RCC) Gaussian basis sets of the following structures: where the notation is [uncontracted/contracted]. The POLDK basis set has been originally designed to calculate the electric properties of molecules, but it has worked quite well for the excited states. The MR FSCC calculations used the nonrelativistic POL basis set [13] ; therefore, we have chosen the relativistic equivalent of this base, POLDK to our calculations.
Our studies on the NaLi molecule begin with the analysis of the quality of the selected atomic base. The ionization potentials and electron affinity of Na and Li atoms were calculated. Atomic calculations have been carried out in C i symmetry. The irreducible representations of this group are a g and a u . The partition of the orbital space used in the atomic CASSCF/CASPT2 calculations is then (0.0/1.0/7.6; Table 1 . We see that all three basis give good atomic ionization potentials. Electron affinities are also good, but the results of ANO-RCC VTZP basis seem to be the poorest, as the calculated VTZP values of the electron affinity differ from the experimental value by 0.204 eV for Li and 0.234 eV for Na atoms. In conclusion, the POLDK and ANO-RCClarge basis should be best suited to our research. However, for comparison, we will also carry out calculations using ANO-RCC VTZP basis.
Results and discussion
In Fig. 1 , we present potential energy curves for the ground state and seven excited states of the NaLi molecule. The potential energy curves shown in Fig. 1 represent molecule dissociating to Li(2s) + Na(3s), Li(2p) + Na(3s), and Li(2s)+Na(3p) dissociation channels. The large number of calculated energy points and the lack of the intruder states allowed to receive curves which are smooth and of the good quality.
Comparison of the curves obtained by the IOTC CASSCF/CASPT2 method with the curves obtained by the MR FSCC [13] and PP [16] methods shows qualitative agreement and identical interpretation of the obtained states in all three methods. The only exceptions are 3 1 + and 2 1 states, discussed later in this work.
In Tables 2, 3 , and 4, we present calculated spectroscopic parameters for the studied states compared with the results obtained with the MR FSCC and PP methods. Experimental results are given where possible.
The ground state of the NaLi molecule is, as it has been expected, the X 1 + state and it dissociates to the Li(2s) + Fig. 1 Potential energy curves for the ground and excited states of the NaLi molecule with the IOTC CASSCF/CASPT2 method for Li(2s) + Na(3s), Li(2p) + Na(3s), and Li(2s) + Na(3p) dissociation limits in ANO-RCC-large basis set The studied excited states are divided into three groups, the 1 3 + which dissociate to the same dissociation limit as the ground state, the 2 1 + , 2 3 + , 1 1 , and 1 3 states which dissociate to the Li(2p) + Na(3s) channel, the 3 1 + and 2 1 states, which dissociate to the Li(2s) + Na(3p) channel.
The first excited state is the 1 3 + state. Experimental data for this state is not available. One can see (Table 2) that the spectroscopic parameters calculated by CASPT2 method agree very well with the parameters calculated using the PP method. The corresponding MR FSCC parameters differ significantly from the PP and CASPT2 values. The MR FSCC equilibrium distance R e is longer than the PP and CASPT2 values by about 0.2Å, the MR FSCC dissociation energy 0.052 eV is almost twice as big as calculated by CASPT2 and PP methods. However, one must pay attention to the fact that the dissociation energy for 1 3 + state is very small and is 0.0286 and 0.0272 eV respectively for the CASPT2 and PP methods. The harmonic frequencies for the MS FSCC, CASPT2, and PP methods are respectively 42 cm −1 , 46 cm −1 , and 41 cm −1 , and they are all of the similar accuracy. The CASPT2 and PP ω e x e are 0.4 and 1.91 cm −1 .
The second set of investigated excited states include 2 1 + , 2 3 + , 1 1 , and 1 3 states that dissociate to Li(2p) + Na(3s) channel. The results of calculations are presented in Table 3 . The analysis of calculated R e , D e , and ω e parameters shows that all three CASPT2, MR FSCC, and PP methods give similar results which agree very well with experimental data, where available. The biggest differences can be observed for the harmonic frequencies ω e obtained in the FSCC method. It seems that the value of this parameter is too small for almost all four calculated excited states. This difference is particularly visible for 1 1 state for which the ω e values calculated in the CASPT2, MR FSCC, and PP methods are 191 cm −1 , 167 cm −1 , and 178 cm −1 . The corresponding experimental value is 210 cm −1 . The POL basis used in MR FSCC calculations could be too small for these studied states.
The calculated CASPT2 anharmonic frequencies ω e x e are quite good and correlate well with PP values. The only exception is 1 1 but both CASPT2 and PP values differ from the experimental values.
The most difficult to interpret are highest 3 1 + and 2 1 excited states. The ANO-RCC-large CASPT2 potential energy curves shown in Fig. 1 are smooth and of good quality. However, a detailed analysis of the curves (see Fig. 2 ) shows two minima on both curves, which we do not observe in earlier MR FSCC and PP studies. Similarly, shaped curves were obtained from POLDK CASPT2 calculations (which are not presented here). On the other hand, no double minima appear on the calculated VTZP CASPT2 curves (Fig. 3) . The VIBROT program we are using (included in the MOLCAS 7.3 package) for vibration and rotation analysis has not been developed to analyze multiple minima curves, and we could not calculate the corresponding spectroscopic parameters in POLDK and ANO-RCC-large basis. As it could be expected, we observe fairly good agreement between the calculated parameters in VTZP CASPT2, MR FSCC, and PP basis sets (see Table 4 ); however, the quality of these results is not certain. An additional parameter, which has been calculated for all studied states is adiabatic excitation energy T e (see Tables 2, 3 , and 4), which characterize the electronic spectra of NaLi molecule. The CASPT2 excitation energies T e agree very well with both MR FSCC and PP values and the corresponding experimental data.
Finally, we present the energies of the electronic states calculated at the dissociation limits of the NaLi molecule ( Table 5 ). The corresponding excitation energies are compared with the sum of atomic energies (Table 6) . These results confirm the correct behavior of the CASPT2 method and its size-consistency feature.
Convergence of the relativistic IOTC method to the nonrelativistic limit
One of the final goals of the present work was to analyze the accuracy of the relativistic infinite-order two-component IOTC method. The NaLi molecule is composed of light lithium and sodium atoms and the relativistic effects should be very small, and even negligible, if we are interested in the chemical accuracy of the calculations. Nature is always relativistic. The relativistic method should be general. It should give correct results for strongly relativistic systems but it should also smoothly converge to the nonrelativistic equations when the relativistic effect is negligible.
The correctness of the IOTC method has been checked by performing relativistic IOTC CASSCF/CASPT2 and nonrelativistic NR CASSCF/CASPT2 calculations in the uncontracted POLDK basis for the ground and excited states. The calculated spectroscopic parameters are presented in Tables 7 and 8 . The obtained results are almost identical in both relativistic and non-relativistic calculations. This means that the IOTC method correctly converges to the non-relativistic limit when the relativistic effects disappear or are very small, as in the case of the X 1 + ground state for which we observe relativistic bond length contraction 2.855Å (IOTC) vs 2.887Å (NR) (see Table 7 ). 
Summary
The spectroscopic parameters and potential energy curves of the NaLi molecule in the gas phase were obtained using the IOTC CASSCF/CASPT2 method. The results show the very good performance of the method and its ability to get the potential energy curves for several excited states. The proper convergence of the relativistic infinite order twocomponent IOTC method to the nonrelativistic limit has been demonstrated as well. 
